The possibility to use additivity rule [1] for estimation of relative conformational energies of fluoro-and bromo-substituted alkanes is studied. The ability of quantum mechanical methods (HF and MP2) to estimate the additivity increments E
Introduction
The needs to determine the relative conformational energies (RCE) in the large molecules meet considerable difficulties. One of the possible ways to overcome them is the possibility to express the conformation energy by the sum of the transferable contributions from the various conformational fragments and their sequences defined from the small molecules. The theoretical background for so-called additivity schemes for conformational energy applying the one electron density matrix formalism has been worked out in [1] . It results in the analytically obtained additivity rule
. . , where E denotes the total energy of the molecule in given conformation, E T is total energy of the molecule in the lowest energy conformation, E XY G , E XY GG , E XY GT , etc. are the additivity increments, n is the number of segments in the given conformation, X and Y stand for substitutes. As the experimental values of conformational energies obtained for the first members of homologous series of haloalkanes reveal the considerable scatter, it is reasonable to use the quantum mechanical calculations for estimation of the additivity increments. In our previous papers [2, 3] the results obtained for n-alkanes and chloroalkanes showed a good transferability of increments as well as applicability of additivity rule for investigated compounds. The purpose of current research is to study the ability of quantum mechanical methods and the basis sets available to estimate the increments corresponding to the energies of separate conformational segments and their sequences for simple fluoro-and bromoalkanes as well as to verify the additivity rule for more complicated compounds.
Calculation resources
The calculations for fluoro-and bromoalkanes have been performed using the computational chemistry packages PC GAMESS version and GAMESS (US) [4] . The full geometry optimization was carried out by HF and MP2 methods with core orbitals frozen. For fluoroalkanes we used MP2 with two basis sets, 6-311G(2d, 2p) and 6-311G(3d1f , 3p), approved for chloroalkanes in [3] . Unfortunately TZ basis sets are not available for bromine in our used GAMESS versions. Thus we were forced to replace them for bromoalkanes with DZ basis sets using for HF a 6-31G(d) and for MP2 calculations a 6-31G(3d1f , 3p) basis set with polarization functions d and f not taken into account for bromine atoms. For comprising of the results obtained for both studied haloalkanes we additionally performed HF calculations using 6-31(d) basis set for fluoroalkanes.
Additivity increments for fluoralkanes

Estimation of additivity increments corresponding to the conformational segments for fluoroalkanes
The values of additivity increments have been calculated using the first members of homologous series of fluoroalkanes: 1-fluoropropane, 1,2-difluoroethane, and n-butane as the difference between total energies of molecules in gauche (G) and anti (A) conformations:
1-fluoropropane
The experimental data for 1-fluoropropane are available in liquid and vapour phase. Enthalpy differences obtained most recently in krypton and xenon solutions are 0.30±0.02 and 0.28±0.01 kcal/mol respectively with gauche conformer of 1-fluoropropane being more stable than anti [5] . As the conformers have the similar dipole moments, the obtained result should be close to the value in vapour state. Indeed, the earlier measured gas phase data for E G − E A range from −0.35±0.03 [6] to −0.47±0.31 kcal/mol [7] .
Theoretical estimates −0.01 and −0.16 kcal/mol obtained using HF and LMP2 calculations with extended cc-pVTZ(−f ) basis set [8] respectively have the correct sign, but demonstrate large discrepancy with experimental data in value. Recent calculations of energy difference E G − E A performed in [9] at HF, MP2, and B3LYP levels using DZ and TZ basis sets show the energy of gauche form being lower than anti (Table 1). Moreover, the HF and B3LYP give the best agreement with experimental data when DZ basis set is used with the minimal number of polarization functions included. The enlargement of basis set degrades the results whereas MP2 calculations give the possibility to improve relative conformational energy value by extension to TZ basis set especially when diffuse functions are included.
In the present paper for the estimation of energy in- has been chosen with two different basis sets selected above for chloroalkanes [3] : 6-311G(2d, 2p) and 6-311G(3d1f , 3p) with polarization functions of d-and f -type on heavy atoms and of p-type on hydrogen atoms included.
The obtained results for E XY G are presented in Table 2. RCE value obtained using basis set 6-311G(3d1f , 3p) and corrected by zero point energy (∆ ZPE = 0.07 [8] ) is equal to −0.40 kcal/mol and is within the scope of experimental data.
1,2-difluoroethane
The experimentally obtained results for 1,2-difluoroethanes show that gauche form has a lower energy than anti. This fact is called gauche effect and is characteristic only for fluoroethanes contrarily to the greater stability of the anti form for other 1,2-dihaloethanes. Gas phase data for E G − E A energy lie within the −0.5 and −2.0 kcal/mol limits. The most recent vibrational spectrum analysis gives the value −0.8±0.1 kcal/mol [10] whereas the method based on the analysis of dielectric constant temperature dependence shows −1.0±0.3 kcal/mol [11] .
Theoretical evaluations obtained using HF/6-31G(d) ( Table 2) do not exhibit the presence of gauche effect, whereas HF and LMP2 with extended basis set (cc-pVTZ (−f )) reveal the preference of gauche form (−0.13 and −0.55 kcal/mol respectively [8] ). The calculations performed in [12] using MP2, G2/MP2, and B3LYP methods as well as TZ basis set with polarization and diffuse functions included demonstrate good agreement with experimental data, the E G − E A value being approximately −0.8 kcal/mol.
In order to estimate the conformational energy increment E XY G (X = Y = F) the MP2 calculations of 1,2-difluoroethane using the both above chosen basis sets were performed. The results presented in Table 2 Table 2 . RCE and additivity increments (kcal/mol) obtained from ab initio calculations of fluoroalkanes.
Fluoroalkanes RCE and additivity increments
n-butane show that the value of conformation energy E G − E A converges to the experimental one [10, 11] when MP2 with basis set 6-311G(3d1f , 3p) is used. As the ZPE correction is equal to −0.01 kcal/mol [8, 12] , it cannot considerably influence the calculated value.
n-butane
The most recent measurement of enthalpy difference between gauche and anti conformers of n-butane in vapour state using variable-low-temperature infrared spectra performed in [13] gives the value of 0.67± 0.10 kcal/mol. The results of theoretical calculations [2, 14] performed using HF/6-31G* and HF/6-311G** overestimate the RCE value (0.95 kcal/mol) irrespective of the basis set used. The RCE values obtained by MP2/6-31G* [2] and MP2 /6-311G** single point calculations [14] are equal to 0.72 and 0.59 kcal/mol respectively. The estimated values of E Y Y G (Y = CH 3 ) increment together with calculations of fluoroalkanes are presented in Table 2 .
Estimation of additivity increments corresponding to the sequences of conformational segments for fluoroalkanes
For evaluation of additivity increments corresponding to the sequences of conformational segments we used HF/6-31G(d) and the second order Möller-Plesset perturbation theory with two basis sets chosen above: 6-311G(3d1f , 3p) and 6-311G(2d, 2p). It gave the opportunity to achieve the optimal agreement between the obtained increment values on the same level of calculations. Inasmuch as the ZPE corrections do not significantly change the conformational energy value for all investigated cases, for further study of larger chloroalkanes from the practical point of view it seems reasonable to omit the calculations of ZPE.
The calculations of GG, GG , GA, and AA forms of 1,3-difluoropropane (Fig. 1) give the possibility to estimate the energy increments E XX GG , E XX GT , and E XX GG . As follows from Eq. (1),
, where E GA , E AA , E GG , E GG are the total energies of corresponding conformers. Our calculations show that the GG form has the lowest energy. The obtained MP2 results for RCE presented in Table 2 demonstrate good agreement with experimental data obtained from the gas phase electron diffraction [15] . However, experimental values showing an exceptionally low energy of GG form raise some doubts.
It should be noted that both increments E XX GG and E XX GT are negative and consequently are lowering the value of the conformational energy. Vice versa, the additivity increment E XX GG has a destabilizing character. The discussed increments are calculated for two selected basis sets. They are less sensitive to the basis set size than the ones corresponding to conformational segments.
HF/6-31G(d) overestimates stabilization (E XX GG and E XX GT increments) and destabilization (E XX GG increment) effects. 
Additivity increments for bromoalkanes
Estimation of additivity increments corresponding to the conformational segments for bromoalkanes
Similarly as in the case of fluoroalkanes the values of additivity increments for bromoalkanes have been calculated using the first members of homologous series of bromoalkanes 1-bromopropane and 1,2-dibromoethane as the difference between total energies of molecules in gauche (G) and anti (A) conformations:
, and X = Y = Br).
1-bromopropane
Limited experimental studies were carried out in vapour phase on the conformational stability of 1-bromopropane. The value of 0.11±0.03 kcal/mol was reported in [6] obtained from the far infrared data with gauche form being a stabler conformer. The variable temperature study of the infrared spectra of 1-bromopropane dissolved in liquid xenon was carried out most recently and the enthalpy difference 0.20±0.02 kcal/mol [16] was reported to confirm the stability of gauche form.
The results of extensive theoretical calculations [9, 16] performed using HF, MP2, and B3LYP methods with different basis sets are summarized in Table 3. One can notice that the best agreement with experimental data is obtained using HF/6-31G(d) and B3LYP/6-31G(d) // HF/6-31G(d). The extension of basis set to TZ or inclusion of the diffuse functions in HF or B3LYP calculation degrades the results. It is also evident that MP2/6-31G(d) overestimates the stability of gauche conformer. On the other hand, the high level MP2 calculations performed using 6-311G(2d, 2p) basis set with diffuse functions enables one to obtain an agreement with experimental data.
As mentioned above, in the present paper the energy increment E XY G (X = Br, Y = CH 3 ) has been calculated using HF/6-31G(d) and MP2/6-31G(3d1f , 3p). The results (Table 4) show that HF underestimates G form stability while MP2 overestimates it. 
1,2-dibromoethane
The effect of temperature on the structure and composition of the rotational conformers of 1,2-dibromoethane has been studied by gas phase electron diffraction [17] . The energy difference E G − E A was obtained being equal to 2.20±0.14 kcal/mol and the geometry of anti form was reported as well. Calculations performed in [18, 19] using G2/MP2 method led to the value 1.95 kcal/mol.
The results obtained in the present paper for E XX G (X = Br) on HF/6-31G(d) level are in perfect agreement with experimental data while the MP2/6-31G calculations give about two times lower value (Table 4) .
Estimation of additivity increments corresponding to the sequences of conformational segments for bromoethanes
The calculations performed for GG, GG , GA, and AA forms of 1,3-dibromopropane give the possibility to estimate the energy increments E XX GG , E XX GT , and E XX GG using formulas presented in 3.2. The calculations performed show the GG form having the lowest energy, like in fluoroalkanes. The analysis of results obtained (Table 4) show that MP2/6-31G(3d1f , 3p) overestimates RCE values while HF/6-31G(d) results are in perfect agreement with [20] . Therefore one can conclude HF/6-31G(d) being sufficiently good for larger bromoalkanes. It should be noted that both increments E XX GG and E XX GT are negative and consequently lowering the value of the conformational energy. Vice versa, the additivity increment E XX GG has an extremely destabilizing character.
The E XX GG increments related to the sequence of conformational segments G were calculated using two different methods and basis sets. The obtained results show that E XX GG are less sensitive to the method and basis set size than additivity increment related to the conformational segment E XX G (see Table 4 ).
Verification of additivity rule for fluoro-and bromoalkanes
The molecules of 1,2-difluoro-, 1,2,3-trifluoropropane, 2-fluoro-, and 2,3-difluorobutane were used in order to check the transferability of additivity increments. The relative energies of different conformers of an individual molecule calculated using the additivity rule (1) and direct MP2/6-311G(3d1f , 3p) as well as experimental data available are presented in Table 5 .
The arrangement of calculated conformational energies for 1,2-difluoropropane (Fig. 2) in both cases is identical, i. e. G − is the lowest while A is the highest energy forms, however, the particular magnitudes of RCE are different. The comparison with experimental data is not available because of absence of the latter.
The arrangement of rotamers AA, AG, GA, GG, GG + , GG − of 1,2,3-trifluoropropane (Fig. 2 ) on the energy scale shows GG conformer being the lowest energy form of the molecule. Other low energy conformers as follows from Table 5 are GA, AG, and AA. Direct MP2 calculations as well as those performed using formula (1) with increments calculated on the same level give the identical arrangement of conformers on the energy scale. The molecule of 2-fluorobutane has G + , G − , and A forms (Fig. 3) . In accordance with direct calculations as well as additivity rule, the lowest energy form is found to be A. The arrangement of RCE for both cases is identical whereas the particular magnitude of G − energy is overestimated when using additivity rule. Fig. 3 . Conformations of (a) 2-halobutane (X = F, Br),
NMR experiments show [23] that isomer E of 2,3 difluorobutane in solution is predominantly in gauche conformation (G + and G − being fully degenerate), while isomer T either has all possible staggered conformers populated or only the two conformers with fluorine atoms in the gauche position (Fig. 3(c) , conformations A and G − ). As the gas phase data may lead to different conformational energies, we have performed direct MP2 calculations. The results show that A is the lowest energy conformation for both E and T isomers. The application of Eq. (1) leads to the analogous result, but A and G + forms of E isomer appear being degenerate. G + and G − forms of T isomer are almost degenerate (energy difference is 0.12 kcal/mol).
As the best results for conformational energies of investigated above bromoalkanes have been obtained at HF/6-31G(d) level (Table 4) , the verification of additivity rule for bromoalkanes has been tested using mentioned direct calculations for 1,2-dibromo-, 1,2,3-tribromopropane, 2-bromo-, and 2,3-dibromobutane.
The arrangement of calculated conformational energies for 1,2-dibromopropane (Fig. 2) obtained both by direct calculations and additivity rule is identical and shows form A being the lowest energy conformer as well as G + and G − forms not considerably differing in values. Experimental measurements reported in [21] confirm form A being the lowest energy conformer. However, the large experimental uncertainty does not allow one to give unambiguously the answer which conformer (G + or G − ) is lower on the energy scale.
HF/6-31G(d) calculations for AA, AG, GA, GG, GG + , and GG − rotamers of 1,2,3-tribromopropane (Fig. 2) indicate GG being the lowest energy form. This is in agreement with experimental data [22] . The results presented in Table 5 reveal the next low energy form being AG with the close to the experimental RCE value. It seems that the coincidence of experimentally obtained AG and GA energy values is scarcely probable when taking into account their large uncertainties. Our calculations show AA, GG, and GG − being the high energy forms with RCE value of about 3 kcal/mol. However, the RCE obtained using the additivity rule and direct calculations differ in their values. On the other hand, the RCE values found for AA and GG + conformers perfectly corroborate the additivity rule.
The A conformer of 2-bromobutane (Fig. 3 ) was found as being of the lowest energy ( Table 5 ). The degenerate energies of G + and G − forms for both kinds of calculations show coincidence. Unfortunately the experimental data are not available.
The experimental results for E isomer of 2,3-dibromobutane show A being the low energy form what is in agreement with our calculation results. For T isomer the only available experimental data in liquid phase shows G + being the lowest energy form. Direct calculations as well as calculations made using additivity rule (Eq. (1)) affirm the experimental result and show the G − form being the high energy conformer.
Conclusions
The obtained results for fluoro-and bromoalkanes show that the calculated additivity increments obtained using various computational methods give different values for additivity increments E XY G , E XY GT , E XX GG , and E XX GG . The value of the given increment depends on the method and bases set used. Thus, for fluoroalkanes the HF/6-31G(d) does not reflect gauche effect and overestimates the values of segmental increments. The appropriate values for segmental increments can be obtained only in sufficiently wide basis sets when electron correlation is scored up. Meanwhile for bromoalkanes the HF/6-31G(d) reveals itself as fairly suitable approximation giving the results comparable with experimental data.
The study demonstrates that obtained increment values are transferable and correctly reflect the arrangement of different conformational configurations of the molecule on the energy scale. Consequently, it can be concluded that the quantum mechanical methods can be successfully used for determination of the additivity increments necessary in systematic additivity approach.
